Background: Although patients with an anterior cruciate ligament (ACL) injury have a high risk of developing posttraumatic osteoarthritis (PTOA), the role of meniscus hypertrophy and mineralization in PTOA after an ACL injury remains unknown.
a crucial role in guiding knee motion while maintaining knee stability in multiple planes. 30, 31 An ACL injury places the patient at a higher risk for the development of posttraumatic osteoarthritis (PTOA). 32, 34 After an ACL injury, ACL reconstruction is generally recommended for young patients; however, whether surgery can appreciably reduce the risk of premature PTOA remains controversial. 1, 9 The molecular mechanisms behind the onset and development of PTOA in ACL transection (ACLT) also remain inconclusive.
Osteoarthritis (OA) is a disease of the whole joint that involves the meniscus, synovium, articular cartilage, ligaments, tendons, and subchondral bone. Changes in any these structures may contribute to the early development of knee PTOA after an ACL injury. 10, 13, 15, 20 Among these, the meniscus is a specialized tissue that plays a vital role in load transmission, shock absorption, and joint stability. 25, 36 A significant increase in meniscus loading was observed long term after ACLT. 3 Thus, the meniscus appears to play a primary role in the early development of knee PTOA after an ACL injury. Although meniscus damage is implicated in the development of PTOA, 24 relatively few studies have directly determined how the meniscus changes in accordance with an ACL injury in the long term.
Previous studies have shown that abnormal compressive loads induce meniscus cell damage and matrix degradation in both in vitro and in vivo models 4, 17 and cartilage damage in human samples. 27 However, it is difficult to gain insight into the injury response of meniscus tissue and the correlation between meniscus degeneration and the severity of cartilage damage from imaging studies alone. Collective evidence implicates that pathological meniscus mineralization, which may alter the biomechanical properties of load transmission, shock absorption, and joint stability of the meniscus, is potentially an important contributory factor in the development of primary OA in humans. 24, 37 The relationship between ACL injuries and meniscus calcification is relatively unknown and is the focus of this investigation.
The objective of this study was to test the effects of abnormal mechanical loading on meniscus hypertrophy and mineralization. Our hypotheses were that (1) abnormal mechanical loading after an ACL injury induces meniscus hypertrophy and mineralization, which correlates to articular cartilage damage in vivo, and (2) abnormal mechanical loading on bovine meniscus explants induces the overexpression of hypertrophic and mineralization markers in vitro. Our study had 2 parts: to test our first hypothesis, we employed an in vivo ACLT OA model in guinea pigs, and to test our second hypothesis, we used an in vitro model to deliver cyclic loading on bovine meniscus explants to detect the expression of hypertrophy and mineralization markers.
METHODS

In Vivo Guinea Pig Study
Animals. Approval for the animal experiments was obtained from the Institutional Animal Care and Use Committee at Rhode Island Hospital. Three-month-old male Hartley guinea pigs (n = 9) were purchased from Elm Hill Labs. All animals underwent ACLT on the right knee, while the contralateral ACL-intact knee served as the control (left knee). These animals were euthanized 10 weeks after surgery (age, 5.5 months) for specimen collection.
In Vivo Calcein Labeling and Rate of Pathological Matrix Calcification. To detect pathological matrix calcification in the meniscus, calcein (DCAF; Merck) was subcutaneously injected (30 mg/kg body weight in 0.3 mL 0.15 M NaCl containing 2% NaHCO 3 /animal) 1 and 5 days before the animals were sacrificed. 41 Calcein is a fluorescent label that binds to calcium and is incorporated into growing calcium carbonate crystals to detect calcification during new bone formation. 38 Histology. After the animals were euthanized, the menisci and proximal tibial plateau of the right (ACLT) and left (control) knees were individually harvested from the animals, and the width of the menisci from the medial meniscus to the lateral meniscus and meniscus length were measured with a ruler. The menisci and proximal tibial plateaus (n = 6) were then immersed in 10% formalin for 72 hours separately. The proximal tibial plateaus were decalcified in 20% ethylenediaminetetraacetic acid (EDTA) solution, while the menisci were processed without yy decalcification. The specimens were embedded in a single block of Paraplast X-tra (Thermo Fisher Scientific), and 6-mm meniscus and coronal tibia cross-sections were mounted on slides. The amount of pathological matrix calcification in the meniscus was determined by fluorescence microscopy. Alizarin Red and von Kossa staining were also used to evaluate the mineralization of the meniscus. The area and intensity of calcification were determined using HIS-Elements AR software (Nikon). The severity of cartilage damage was determined by the Osteoarthritis Research Society International (OARSI) histological score after the slides were stained using safranin O/Fast Green, 22 and the severity of meniscus damage was graded grossly. 36 Three independent blinded observers scored each section. The association between the area and intensity of meniscus calcification and the severity of cartilage damage was established using regression analysis.
Immunohistochemistry. Meniscus sections 6 mm thick were collected on positively charged glass slides (Thermo Fisher Scientific) to detect the expression of several markers related to hypertrophy and mineralization: matrix metalloproteinase-13 (MMP-13), collagen type X (Col X), Indian hedgehog (Ihh), interleukin-1 (IL-1), progressive ankylosis homolog (ANKH), ectonucleotide pyrophosphatase/phosphodiesterase-1 (ENPP1), and alkaline phosphatase (ALP). The sections were dried on a hot plate to increase tissue adherence. Immunohistochemistry was performed using the 3,3#diaminobenzidine (DAB) Histostain-streptavidin-peroxidase (SP) Immunohistochemistry Kit (Zymed Laboratories/Invitrogen). Sections were deparaffinized and rehydrated using conventional methods. Endogenous peroxidase was blocked by treating the sections with 3% hydrogen peroxide in methanol (Sigma-Aldrich) for 30 minutes. The sections were digested with 5 mg/mL hyaluronidase in phosphate-buffered saline (PBS; Sigma-Aldrich) for 20 minutes and then incubated with specific antibodies against Ihh (Santa Cruz Biotechnology), MMP-13 (Santa Cruz Biotechnology), Col X (Developmental Studies Hybridoma Bank, University of Iowa), IL-1 (Santa Cruz Biotechnology), ALP (NovusBio), ENPP1 (NovusBio), and ANKH (Abcam), respectively, at 4°C overnight. After the sections were treated sequentially with biotinylated secondary antibody and SP conjugate (Zymed Laboratories/Invitrogen), they were developed in DAB chromogen (Zymed Laboratories/Invitrogen). The sections were counterstained with hematoxylin (Zymed Laboratories/Invitrogen). Photomicrographs were taken with a Nikon Ri1 microscope. Percentages of positive staining for MMP-13, Col X, Ihh, IL-1, ANKH, ENPP1, and ALP from the ACLT and contralateral menisci were semiquantified using Image-Pro Plus 7.0 software (Media Cybernetics), as reported previously. 47 The contralateral knees were used as an internal control. A mean value from 3 independent measurements was calculated for statistical analysis.
Inorganic Pyrophosphate (PPi) and Inorganic Phosphate (Pi). The menisci of the right (ACLT) and left (control) knees were lysed using the complete Lysis-M kit (#0471 9956001; Roche) (n = 3). The concentrations of PPi and Pi in solution were detected by enzyme-linked immunosorbent assay (ELISA) using the EnzChek Pyrophosphate Assay Kit (E-6645; Molecular Probes) and EnzChek Phosphate Assay Kit (E-6646; Molecular Probes), respectively, following manufacturer instructions using 60-mL lysed samples. The reaction mixtures were incubated for 30 minutes at 22°C, and then the absorbance was read at 360 nm.
In Vitro Bovine Meniscus Explant Study
Cyclic Impact Loading and Culture. The numbers of animals, joints, menisci, explants, and experimental designs in the bovine meniscus explant study are shown in Figure 1A . Medial and lateral menisci were isolated from three 2-year-old mature bovine knees that were procured from a local abattoir. Meniscus disks from each bovine knee were excised from the inner third of the meniscus using a 4 mm-diameter biopsy punch. Each explant was cut perpendicular to the femoral surface of the meniscus to preserve as much of the superficial surface as possible. Each specimen was 3 mm thick ( Figure 1B , a-c). A total of 180 explants from the 3 animals were used for the study: each experiment required 60 explants (from 1 animal, 2 knee joints including medial/lateral meniscus) that were randomized to the different experimental groups (no loading, 1 hour, 2 hours, and 3 hours of loading groups) ( Figure  1B ). The meniscus explants were subjected to cyclic loading by indenting to 25% strain at 0.3 Hz for 1 hour, 2 hours, and 3 hours ( Figure 1B ). This protocol was selected based on previous reports that 25% strain exceeds the normal strain experienced by menisci during physiological loading. 40, 49 The explants were compressed individually in an unconfined culture medium chamber installed in a computer-controlled loading device as previously described. 5 The unloaded control specimens were cultured in the same incubator. During each load cycle, the maximum peak-to-peak strain amplitude (25% of the sample thickness) was maintained for 10 seconds, and then the platen returned to the starting position ( Figure 1B , d-f). After compression, the explants were incubated in 1-mL fresh culture medium with 10% fetal bovine serum at 37°C and 5% CO 2 . The samples were randomized into 3 groups and were collected after 24, 48, and 72 hours and stored at -80°C for gene and protein expression analysis.
Cell Viability. Three explants in every group were immediately assayed for cell viability after loading for 1, 2, and 3 hours. Three freeze-thawed cycles of the meniscus were used as a positive cell death control. Cell viability was evaluated by a combination of propidium iodide (PI), which is permeable only to dying cells with damaged plasma membranes (red), and fluorescein diacetate (FDA), which is permeable to and metabolized by live cells (green). 11 The meniscus explants were immersed in 40 ug/mL PI (Molecular Probes/Invitrogen) and 1 uM FDA (Molecular Probes/Invitrogen) for 10 minutes before being observed. Sections were viewed under a fluorescence microscope (Ri1; Nikon).
Measurements of Glycosaminoglycan (GAG) Release. Cumulative GAG concentration in the culture supernatant was determined photometrically using the dimethylmethylene blue dye assay with bovine chondroitin sulfate as a standard control at a wavelength of 525 nm, as previously reported. 23 Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR). The mRNA levels associated with mineralization, including ANKH, ENPP1, and ALP, were quantified by RT-qPCR. Total RNA was isolated from 24-, 48-, and 72-hour culture samples after 3 hours of loading with the RNeasy isolation kit (Qiagen). We tested the 3-hour loaded samples because cell death was only observed in the superficial zone of the 3-hour loaded samples. Then, 1 mg of total RNA was transcribed into cDNA by using the iScript cDNA synthesis kit (Bio-Rad Laboratories), and 50 ng/mL of the resulting cDNA was used as the template to quantify the relative content of mRNA by using the QuantiTect SYBR Green PCR kit (Qiagen) with the DNA Engine Opticon 2 Continuous Fluorescence Detection System (MJ Research). The primers were designed by using Primers Express software (BioTools): Western Blot. The protein levels of MMP-13 and ANKH were determined by Western blot. Total protein was extracted by homogenization with the complete Lysis-M kit (No. 04719956001; Roche) from bovine menisci and quantified by the BAC Protein Assay Kit (Pierce). Equal amounts of protein lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes for immunoblot analysis and stained with specific primary antibodies. The following primary antibodies were used: MMP-13 antibody (H-230, Lot D1113; Santa Cruz Biotechnology) and ANKH antibody (ab90104; Abcam). Fluorescence-labeled secondary antibodies were detected with a fluorescence scanner (Odyssey; LI-COR Biosciences). Band densities were quantified using Image Acquisition and Analysis Software (UVP). Parallel gels were prepared for Coomassie Blue staining to confirm equal loading of the samples as described. 43 Equal amounts of protein were electrophoresed in 10% SDS-PAGE, and the gel was prefixed in 50% MeOH, 10% HoAC, and 40% H 2 O for 30 minutes and then stained with 0.25% Coomassie Brilliant Blue R-250 (Bio-Rad Laboratories) in the above solution for 4 hours. The gel was destained in 5% MeOH, 7.5% HoAC, and 87.5% H 2 O until the background was clear. The destained gel was stored in 7% HoAC, and a photograph was taken using a Canon camera (SD-1000; Canon Inc).
Quantified PPi and Pi. The culture medium was collected from the control and 3-hour loaded groups cultured after 24, 48, and 72 hours after loading. Cumulative PPi and Pi release into the culture medium were determined by ELISA using the EnzChek Pyrophosphate Assay Kit (E-6645; Molecular Probes) and EnzChek Phosphate Assay Kit (E-6646; Molecular Probes), respectively. The 60-mL medium from each group was analyzed for PPi and Pi concentrations according to manufacturer instructions. The reaction mixtures were read at 360-nm absorbance.
Statistical Analysis
Data are reported as mean 6 SD. Two-tailed paired t tests were used to compare the size, area, and intensity of meniscus calcification and the damage scores of cartilage and menisci between the ACLT group and control group. Associations between the area and intensity of meniscus calcification and the severity of cartilage damage were determined using correlation analysis. The GAG content in the culture medium and mRNA and protein levels associated with hypertrophy and/or mineralization in the 3-hour loaded and no loading control groups after being cultured for 24, 48, and 72 hours were also compared using 2-tailed paired t tests. Statistical significance was determined at P \ .05. Statistical analyses were performed using SPSS software (v18.0; IBM Corp).
RESULTS
In Vivo Guinea Pig Study
ACL Injury Resulted in Meniscus Hypertrophy and Accelerated Pathological Matrix Calcification. The meniscus length and width from the medial meniscus to the lateral meniscus were significantly increased in the ACLT group (mean, 15.34 6 2.03 mm and 10.77 6 3.26 mm, respectively) compared with the control group (mean, 12.81 6 2.44 mm and 8.11 6 2.26 mm, respectively) (P \ .05) (Figure 2A) .
A significant increase in pathological matrix calcification as measured by calcein labeling was detected in whole meniscus tissue ( Figure 2B, a and d) and cross-section slides (Figure 2B , b, c, e, and f). ACLT accelerated the area and intensity of pathological matrix calcification in meniscus tissue compared with the control group (P \ .05) ( Figure 2B, g and h) .
ACL Injury Accelerated Meniscus Calcification and Was Correlated With Cartilage Damage. Strong Alizarin Red and von Kossa staining ( Figure 3A) were detected in the ACLT group compared with the control group. The area and intensity of meniscus calcification were significantly increased by 125% and 120%, respectively, in the ACLT group compared with the control group (P \ .05) ( Figure  3A, g and h) .
Histological analysis confirmed severe meniscus ( Figure  3B , a and b) and cartilage ( Figure 3B, c and d ) damage in the ACLT group. The ACLT group had significant clefts and a severe loss of proteoglycan staining at the edge of menisci. Likewise, structural clefts and loss of proteoglycan staining were observed at the superficial, middle, and deep zones of the articular cartilage. In contrast, the control group had minimal meniscus and cartilage damage other than mild proteoglycan loss. The meniscus damage grade (Figure 3B , e) and OARSI score assessing cartilage damage ( Figure 3B, f) were significantly increased by 3fold and 13-fold, respectively, in the ACLT group when compared with the control group (P \ .05). Significant correlations were found between the area and intensity of meniscus calcification and the severity of cartilage damage (r = 0.925, P \ .0001 and r = 0.944, P \ .0001, respectively) ( Figure 3C ).
Expression of Typical Hypertrophic and Mineralization Markers in the Meniscus. Immunohistochemistry was performed to determine the presence of MMP-13, Col X, Ihh, IL-1, ANKH, ENPP1, and ALP in the control and ACLT menisci ( Figure 4, A and B) . The percentages of positive expression areas of the hypertrophic markers, Ihh, MMP-13, and Col X, and the mineralization markers, ANKH, ENPP1, and ALP, were increased in the ACLT animals compared with the controls (Figure 4C ).
PPi and Pi Concentrations in the Meniscus. ELISA further confirmed that the ACLT animals had higher PPi and Pi concentrations than the control animals (P \ .05) (Figure 3D, a and b) . The Pi/PPi ratio in the ACLT group (1.7) was much higher than that in the control group (1.2) (P \ .05) ( Figure 3D, c) , which correlated with histological calcification found in the meniscus after an ACL injury.
In Vitro Bovine Meniscus Explant Study
Cyclic Impact Loading and Cell Viability In Vitro. Live/ dead staining showed that there was no obvious cell death in 1-and 2-hour loaded samples ( Figure 4C, c and d) and only minor cell death in the superficial zone of 3-hour loaded bovine meniscus explants ( Figure 4C, e ). The meniscus explants showed cell death (red) in the positive control samples (Figure 4C, b ) and no cell death in the no loading samples (Figure 4C, a) .
Increased GAG Release and PPi and Pi Concentrations in the Culture Medium. An increase in GAG release in the culture medium was detected in the 48-hour samples by 19% (P \ .05) and 72-hour samples by 17% (P \ .05). However, there were no significant changes in the 24hour samples compared with the control group ( Figure 5A) .
The concentrations of PPi and Pi were significantly increased in the 3-hour loaded explants after 72 hours by 13% and 30%, respectively, compared with the control group by ELISA ( Figure 5B, a and b) . No significant changes were detected in the 24-and 48-hour samples. The Pi/PPi ratio was increased in 3-hour loaded samples compared to the control group cultured for 72 hours (P \ .05) ( Figure 5B, c) .
Gene and Protein Changes Associated With Hypertrophy and Mineralization After Cyclic Impact Loading. RT-qPCR analyses indicated that cyclic impact loading increased the levels of ANKH, ENPP1, and ALP mRNA in the loaded bovine meniscus explants compared with the control group (P \ .05) ( Figure 6A ).
Representative Western blot results showed a high level of MMP-13 and ANKH proteins in 3-hour loaded explants (cultured for 24, 48, and 72 hours) when compared with the nonloaded group (P \ .05) (Figure 6B, a, c, and d) . Coomassie Blue staining was used to confirm equal loading ( Figure  6B, b ).
DISCUSSION
In this study, our data clearly demonstrate that ACLT results in significant meniscus hypertrophy in vivo in guinea pigs and increases the levels of Col X, Ihh, MMP-13, and IL-1, which are specific markers for hypertrophy. We also found an increase in pathological matrix calcification of menisci in the ACLT group by fluorescent microscopy and Alizarin Red and von Kossa staining. These findings were correlated by Western blot and RT-qPCR analysis. An increase in mineralization-related genes such as ANKH, ENPP1, and ALP resulted in an increase in the Pi/PPi ratio in our in vivo ACLT animal model. The in vivo data from the guinea pig ACLT model were further confirmed in vitro by using bovine meniscus explants exposed to mechanical loading. Previous studies have indicated that an ACL rupture results in abnormal compressive loading. 15, 27 Our results suggest that abnormal compressive loading induced by an ACL injury results in meniscus hypertrophy and accelerates meniscus mineralization by up-regulating hypertrophic and mineralization-related genes.
A previous study found that meniscus calcification is positively associated with meniscus degeneration and is a predisposing factor for cartilage lesions. 35 Meniscus degeneration can reduce load transmission, shock absorption, and joint stability, and this process changes the mechanical environment of the knee joint, which may initiate cartilage damage. 35 Our regression analysis indicates that there is a strong correlation between meniscus calcification and the severity of cartilage damage. This finding is consistent with those in previous reports in which the loss of meniscus function is a risk factor for the subsequent development of knee OA because of the increased mechanical stress to the articular cartilage. 12, 14, 18, 19 Our findings suggest that meniscus hypertrophy and mineralization may play an important role during the development of knee OA after an ACL injury. However, the exact relationship between meniscus degeneration and PTOA is complex, and the cause and effect relationship of meniscus hypertrophy and mineralization in the development of PTOA requires additional studies for full understanding. Hypertrophy and calcification are complicated processes controlled by local as well as systemic factors. Abnormal loading increased the levels of Col X, Ihh, MMP-13, and IL-1. The markers known to induce cell hypertrophy and matrix degeneration 17, 48 were present in the ACLT samples but not in healthy articular cartilage. 6, 42 The mineralization process involves a balance between the local mineralization promoter(s) and its inhibitor(s). PPi and Pi are critical factors in the balance of mineralization. 26 PPi is known to potently inhibit the nucleation and propagation of basic calcium phosphate crystals. 39 Pi is a major component of hydroxyapatite (HA) crystals and serves to promote mineralization via the formation and deposition of HA in a forming or propagating mineralization front. 26 PPi and Pi are influenced by manifold factors including ANKH, ENPP1, and ALP. ANKH regulates extracellular PPi steady-state concentrations by transporting PPi to the extracellular microenvironment. 46 ENPP1 increases the extracellular PPi concentration to effectively inhibit HA crystals and plays a significant role in regulating physiological and pathological tissue mineralization. 33 ALP increases Pi concentrations by cleaving PPi. 21 All of these mineralization genes were up-regulated after ACL injuries. We showed that the Pi/PPi ratio was significantly increased in ACLT animals, and we believe that explains why more mineralization was found in the ACLT animals compared with the control group. Our findings are consistent with those of 34 previous studies in which pathological calcification is universally present in hyaline articular cartilage and the meniscus of patients with OA. 2, 19, 35 Recent studies showed that 80% of the knees affected by meniscus calcification had associated cartilage lesions as compared with 35% of the knees without meniscus calcification in age-matched patients. 28, 29 Time-course studies in animals indicated that meniscus calcification occurred before cartilage breakdown. 35 A positive correlation between meniscus calcification and cartilage lesions has also been noted in animal OA models including mice, cats, and Hartley guinea pigs. 35 These findings indicate that calcification induced by abnormal loading after ACLT is an early event in the disease process and a predisposing factor for articular cartilage lesions.
Cell death in the surface layer was detected in the superficial zone of the bovine meniscus explants after 3 hours of loading. Cell death is an early event in tissue trauma and is an important feature in tissue damage. 16 We used 25% strain at 0.3 Hz for our in vitro study. 40, 49 We found that the dynamic compressive strains induced GAG release and up-regulated the expression of genes and proteins related to hypertrophy and mineralization, including MMP-13, ANKH, ENPP1, and ALP. Our data are consistent with previous findings in which dynamic compressive strains on meniscus explants increased GAG release from tissue and induced IL-1a. 50 A similar result was also reported in rat end-plate chondrocytes. 46 Our in vitro and in vivo evidence indicates that abnormal mechanical loading after ACLT can promote and accelerate meniscus hypertrophy and mineralization.
Our research study has several limitations. One limitation is the possible interaction between primary and secondary OA in the animals employed. Several studies reported that Hartley guinea pigs begin to develop mild OA by 9 months of age through natural aging. 7, 8, 44, 45 In our study, the secondary OA model was superimposed on the primary OA model by performing ACLT at 3 months. The animals were sacrificed when they were 5.5 months old. However, this should not be a major concern, given the differences in the magnitude found in the histology, gene changes, and mineralization of the ACLT knee compared with the contralateral control knee after such a short duration. Second, this study was performed in guinea pigs, and it is unclear if these changes would be the same in human PTOA after ACL ruptures. However, ''an end-stage sample'' from a patient undergoing joint replacement surgery for the treatment of OA showed pathological calcification in hyaline cartilage and the meniscus. 24 It would be interesting to know whether there is a difference regarding pathological calcification between human PTOA after ACL ruptures and ''idiopathic'' OA in a future study. Third, we did not test the biomechanical properties of the knee meniscus after ACL injuries nor relate the biomechanics to changes in hypertrophy and mineralization, which should be done in a future study. Finally, another limitation is that a better control would be sham surgery in 
